Sodium derived from the blood is known to accumulate in brain tissue during the early stages of incomplete ischemia. Our present studies were undertaken to determine the relation between blood-brain barrier sodium transport and the development of ischemic brain edema. Incomplete cerebral ischemia was produced in gerbils by ligation of the left common carotid artery under ether anesthesia. Following recovery from the anesthetic, the gerbils were evaluated for the presence of neurologic symptoms and were divided into symptomatic (ft=77) and asymptomatic (n=94) groups. Tissue water, sodium, and potassium contents, tissue plasma volume, and brain uptake of 22 Na were measured in both groups 1.5, 3, 6,12, and 24 hours after carotid ligation. There was a progressive accumulation of sodium and water in the ipsilateral cerebral cortex of the symptomatic group compared with either the corresponding contralateral cortex of the same gerbils or with the asymptomatic group. Net changes in brain sodium and potassium concentrations appeared to be the main determinants of fluid accumulation. Brain edema was not due to opening of the blood-brain barrier because the unidirectional transport of 22 Na remained low and was even reduced by 35-55% in the ischemic cortex. Nevertheless, this sodium transport activity appeared to be rate-limiting in the development of brain edema during the first 3 hours of ischemia because the rate of sodium accumulation in the tissue was the same as the rate of 22 Na transport from the blood to the brain. We conclude that blood-brain barrier sodium transport is an important factor in the formation of ischemic brain edema. (Stroke 1989;20:1253-1259 B rain edema is an inevitable consequence of cerebral ischemia, and edema contributes significantly to the morbidity and mortality associated with a stroke. Despite its frequent occurrence, there are currently no specific therapies to prevent or slow the development of ischemic edema. While its complete elimination might occur only with prompt restoration of energy metabolism, edema accumulation may be slowed in the face of continued ischemia by blocking the rate-limiting step in edema development.
Blood-Brain Barrier Sodium Transport Limits Development of Brain Edema During Partial Ischemia in Gerbils
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Early after a stroke, brain edema occurs as a result of the accumulation of osmotically active molecules within brain cells. 1 with the appearance of edema. Whether the accumulation of these substances is rate-limiting for the development of edema has not been determined. We investigated the role of sodium in the development of edema during the first 24 hours of incomplete cerebral ischemia in gerbils. Since the sodium that accumulates in the brain under these conditions is derived from the blood, we compared the rate of change of brain sodium content with the rate of sodium transport across the blood-brain barrier (BBB). Some of our results have been presented in a preliminary communication. 9 Materials and Methods Incomplete cerebral ischemia was produced by occlusion of the left common carotid artery in gerbils (Meriones unguiculatus). Males weighing 50-115 g were anesthetized with ether; the left common carotid artery was exposed, ligated in two places with 6-0 silk suture, and electrocauterized. After closure of the neck incision, the gerbils were allowed to recover from the anesthesia. Previous studies have shown that gerbils with severe neurologic symptoms following unilateral carotid artery occlusion have a moderately severe level of ischemia, while gerbils with little or no neurologic symptoms lack significant ischemia. 1011 Therefore, 30 minutes after carotid ligation we used the neurologic evaluation scale developed by Ohno et al n to select two groups of gerbils; we included those with a stroke index of >10 in the symptomatic group and those with a stroke index of < 3 in the asymptomatic (control) group. We excluded gerbils with intermediate levels of ischemia (stroke index between 3 and 10) .
Approximately 1 hour before termination of the experiment, the gerbils were anesthetized with 50 mg/kg i.p. sodium pentobarbital and the femoral blood vessels were catheterized for monitoring blood pressure, for sampling arterial blood, and for the intravenous injection of isotopes. We eliminated three gerbils with blood pressure of <60 mm Hg, Po 2 of <60 mm Hg, or Pco 2 of >60 mm Hg. Experiments were terminated at the designated time by decapitating the gerbils, and 1-mm 3 samples were punched with a biopsy needle from the parietal cortex of the right and left hemispheres of all gerbils for the determination of specific gravity. 12 The remaining right and left cortexes were quickly separated, cleaned of external blood, weighed, and prepared for the appropriate assay.
Brain water content was determined from wet and dry weights; sodium and potassium contents were determined by flame photometry 5 in 25 symptomatic and 29 asymptomatic gerbils. Blood volume and plasma volume (PV) were determined from the brain and blood contents of chromium-51-labeled erythrocytes and iodine-125-labeled bovine serum albumin 2 minutes after intravenous injection of a mixture of these isotopes 5 in 24 symptomatic and 27 asymptomatic gerbils. BBB permeability to sodium was determined in 28 symptomatic and 38 asymptomatic gerbils by a modification of the method described previously. 5 An intravenous bolus injection of saline containing 8 /iCi of 22 Na was allowed to circulate for 10 minutes before the rat was decapitated and the tissue and plasma contents of 22 Na were determined. In most studies of this type, BBB permeability (PS product) is determined at a single time from the extravascular radioactivity (C ev ) divided by the integral of the arterial blood radioactivity (C a ) over the time of the experiment. (1) C ev in the brain is estimated by subtracting the intravascular radioactivity from the total radioactivity (C br ) using the average PV obtained in a separate group of animals and the final plasma radioactivity (C P ).
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While this method can be used to determine BBB permeability in a few animals, it overestimates true BBB permeability since low-molecular-weight radiotracers initially distribute in a brain space that is greater than PV.
14 ' 15 This so-called rapidly filling space (RFS) can be measured by a graphical analysis method in which C br is determined at several times following the intravenous injection of an isotope. 15 ' 16 With this method, C br is plotted as a function of the integral over time of C a . The y intercept is then equal to RFS, and the slope is the true BBB permeability expressed as the product of the tracer's permeability and the surface area of the perfused capillary bed (PS product). If RFS is known, then true BBB permeability can be accurately quantified using a single-time experiment. Therefore, to obtain a more accurate estimate of BBB permeability to sodium from our 10-minute, single-time experiments, we determined RFS of ischemic and nonischemic cortex after 3 hours of unilateral carotid artery occlusion in 17 other symptomatic gerbils. C br and the integral of C a over time were measured after 5 minutes in four, after 10 minutes in seven, and after 20 minutes in six gerbils. Figure 1 shows the plot of C br for 22 Na, corrected for PV and normalized for C p , vs. C a for 22 Na integrated over the time of the experiment and also normalized for C p . Least-squares regression analysis for the contralateral (nonischemic) cortex yielded a mean±SEMy intercept (RFS) of 14.8+3.6 yXlg and a mean±SEM slope (PS product) of 2.30±0.18 /il/g/min. Values for the ipsilateral (ischemic) cortex were 13.4±4.5 ^,1/g and 1.18±0.22 ^1/g/min, respectively.
It should be noted that, as we define RFS, it is distinct from PV. If C br uncorrected for PV is used in the graphical analysis, then they intercept is the sum of PV and RFS. 15 Since we determined PV separately, RFS was determined after correction for PV. Consequently, our calculated RFS was used in the calculation of C ev for 22 Na according to the following modification of Equation 2:
In the experiments we report here, PS product was calculated using a 10-minute uptake period and Equations 3 and 1. Data are expressed as mean±SEM. Results from the groups were compared using Student's twotailed t test for unpaired data. Within a group, results from the corresponding ipsilateral and contralateral cortexes in the same gerbil were compared using Student's t test for paired samples. A probability value of <0.05 was considered to indicate significance. 
Results
Values for the stroke index, physiologic parameters, and cortical specific gravities are shown in Table 1 . Since it was used as the basis for grouping the gerbils, there was, as expected, a large difference in stroke index between groups.
In the asymptomatic gerbils, there were no significant differences between specific gravities of the ipsilateral and corresponding contralateral cortexes at any time. Likewise, specific gravity of the contralateral cortex in the symptomatic group did not differ significantly from that in the contralateral cortex in the asymptomatic group. However, specific gravity of the ipsilateral cortex in symptomatic gerbils was significantly lower than that of either the corresponding contralateral cortex or of the ipsilateral cortex in the asymptomatic group. Furthermore, specific gravity of the ipsilateral cortex in symptomatic gerbils progressively decreased with increasing duration of ischemia, indicating a timedependent accumulation of brain edema.
There were small but significant differences between groups in Po 2 after 6 and 12 hours of ischemia and in Pco 2 after 24 hours. Since Po 2 was higher in the symptomatic than in the asymptomatic group, these differences were not believed to have significantly affected the results of our study. Brain water and sodium contents increased and potassium content decreased progressively with increasing duration of ischemia in the ipsilateral cortex of the symptomatic group (Figure 2 ). In contrast, values for the contralateral cortex of the symptomatic group, and for both cortexes of the asymptomatic group, remained relatively constant. While the concentrations of sodium and potassium changed reciprocally, the increase in sodium exceeded the decrease in potassium at every time. Length of Ischemia (hr) 21 
24

FIGURE 3. Graph comparing changes in brain cation and water contents during incomplete cerebral ischemia in ipsilateral and corresponding contralateral cortexes of 4-7 symptomatic gerbils. Increase in sodium concentration was added to decrease in potassium concentration (i.e., negative value) to obtain change in brain cation concentration. In lower panel, observed differences in water content (o) are compared with calculated difference in water (•) that would occur if cation changes shown in upper panel were accompanied by isosmotic influx of water.
Thus, there was an overall increase in the concentration of these major brain cations. Net changes in brain water, sodium, and potassium contents in the symptomatic gerbils were calculated by subtracting contralateral from corresponding ipsilateral values; the net change in brain cation concentration was then determined by adding the changes in sodium and potassium contents. As shown in Figure 3 , there was a nearly linear increase in total brain cation content over the 24 hours of ischemia. The net change in water content also increased progressively but at a greater rate during the first 3 hours than during later times. The relative importance of the net change in cation concentration to the observed change in brain water content was determined by assuming that the increase in cation content would be accompanied by an isosmotic influx of water. As shown in Figure  3 , the change in brain cation concentration could account for all of the observed edema accumulation at 1.5, 12, and 24 hours of ischemia. At 3 and 6 hours, the change in cation concentration accounted for 75% of the edema; however, differences between the observed and calculated changes in water content were not significant even at these times.
PV of the ipsilateral compared with the corresponding contralateral cortex was significantly reduced by 11% and 9% at 1.5 and 6 hours, respectively, in the symptomatic gerbils (Table 2) . Differences between groups were significant only at 1.5 hours.
PS product for sodium in the ipsilateral cortex of the symptomatic gerbils decreased by 35-55% at all times compared with that in the corresponding contralateral cortex (Figure 4) . Values from the contralateral cortex of the symptomatic group did not differ from those observed in the asymptomatic group. Thus, the decrease in the rate of unidirectional sodium transport from the blood to the brain persists over 24 hours. Furthermore, since there was no marked increase in sodium PS product with time, it does not appear that the BBB breaks down before 24 hours in this model of continuous partial ischemia.
Finally, PS product for sodium transport across the BBB was compared with the rate at which total brain sodium content increased during ischemia. For this comparison, it was first necessary to express the data for sodium content and sodium transport in the same units. Thus, the data for brain sodium content ( Figure 2) were expressed in terms of wet weight. PS product, on the other hand, was converted to a rate of sodium flux by multiplying it by the average serum sodium concentration (157 meq/ 1). Total brain sodium changed more rapidly during the initial period of ischemia than it did later ( Figure  5 ). During the first 3 hours of ischemia, the rate of change of total brain sodium content was 0.169±0.024 ju,eq/g wet /min (n=14). For comparison, the rate of unidirectional flux of isotopic sodium was 0.195±0.026 /ieq/g wet /min (n=14) for 1.5 and 3 hours and 0.214+0.020 /xeq/g wet /min («=28) over the entire 24 hours. These results suggest that, during the first 3 hours of ischemia, the rate of increase in brain sodium is limited by the rate at which sodium crosses the BBB. Since the development of brain edema is closely related to the increase in brain sodium content, we conclude that BBB sodium transport is rate-limiting for the formation of early ischemic brain edema. Discussion Ischemic brain edema follows a progressive course, in part because different mechanisms of edema formation are involved at different times following the occlusion of a major cerebral vessel. During the first hours of ischemia, the brain swells as a result of the accumulation of small, osmotically active molecules in the brain cells. Since the water accumulates primarily within cells and the BBB remains intact, this type of edema has been called cytotoxic 17 or intact-barrier 18 edema. If the partial ischemia continues for a day or more, the BBB eventually breaks down and a second phase of edema, associated with an influx of plasma proteins, is seen. 1 This type is known as vasogenic 17 or open-barrier 18 edema. However, these sequential mechanisms for edema formation do not entirely explain the progressive nature of edema accumulation since edema appears gradually throughout the intact-barrier phase.
2 -47 Thus, other factors must be responsible for regulating the rate at which ischemic edema forms. Understanding these factors could eventually lead to interventions directed at slowing the rate of edema accumulation.
Blood is the primary source of edema fluid and, therefore, the rate of movement of water from the blood to the brain could control the rate of edema development. Normally, the permeability of the BBB to water is high and is limited primarily by the rate at which blood flows into the tissue. 19 If cerebral blood flow drops to very low levels, for example, to <7 ml/100 g/min in gerbils, the accumulation of edema fluid is limited by the rate at which water is supplied by the blood. 20 At higher blood flow rates, however, the amount of edema increases as cerebral blood flow decreases. Thus, something other than cerebral blood flow determines the extent to which the brain swells during moderate levels of ischemia.
With the BBB intact, the driving force for fluid movement into the ischemic tissue is provided by the accumulation of small molecules such as sodium and lactate. 1 -17 -18 In many studies, the rate of edema accumulation is closely related to the rate at which tissue sodium content increases.
2 -4 - 6 In some studies, however, significant edema occurred even before brain cation concentrations had changed. 7 Our results suggest that brain edema formation is closely related to changes in sodium and potassium contents, although during the first 6 hours of ischemia a small portion of the edema may have been caused by the generation of other tissue osmoles, such as lactic acid. Therefore, it may be possible to control the rate of edema development by controlling the rate at which brain cation concentrations change.
Despite the low permeability of the BBB to sodium, specific carrier-mediated transport processes are believed responsible for moving sodium from the blood to the brain. 21 -23 These carriermediated processes include Na,K-ATPase, sodiumhydrogen exchange, and sodium-chloride cotransport systems. In normal brain, the continuous influx of sodium via these carrier-mediated processes must be balanced, in part, by a flow of fluid through the brain's interstitial spaces 5 ' 24 - 25 and by the efflux of sodium from the brain back into the blood. 5 As a result, there is no net change in brain water or sodium content. Since Na,K-ATPase in the capillaries provides the driving force for BBB sodium transport and the secretion of interstitial fluid, there is also the possibility for sodium uptake in exchange for potassium efflux. If this exchange process is tightly coupled, then three sodium ions would be exchanged for every two potassium ions, thereby providing a mechanism for the long-term regulation of potassium concentration in the brain's interstitial fluid.
Our findings are quite consistent with this model of BBB sodium transport. For example, the reduction in sodium PS product in ischemic brain may be due either to a reduction in permeability because of the failure of capillary Na,K-ATPase 5 or, more likely, to a reduction in surface area due to incomplete perfusion of the vascular bed (unpublished results). Furthermore, the increase in brain sodium content seen during ischemia was accompanied by a simultaneous decrease in potassium concentration. The ratio of the change in sodium content to that in potassium was 1.92±0.24 (n=5) after 1.5 hours, 1.67±0.08 (n=5) after 3 hours, 1.65+0.22 (n=4) after 6 hours, and 1.70±0.08 (n=6) after 12 hours of ischemia; none of these values is significantly different from the theoretical value of 1.5 that would result from a three-for-two exchange of sodium for potassium. Finally, the rate of change of brain water content during the first 3 hours of ischemia was 0.13+0.02 /il/g wet /min (n = 14), which is quite similar to the interstitial fluid production rate of 0.11-0.29 /il/g we ,/min reported for normal rat brain. 24 - 25 In ischemic brain, however, the interstitial fluid that is secreted by the capillaries does not flow away from its site of secretion as it does in normal brain. Instead, the fluid remains in the tissue, possibly because cellular ionic gradients have dissipated, which results in a large brain space with a sodium concentration lower than that of the surrounding nonischemic brain and cerebrospinal fluid. Alternatively, reduction in the size of the extracellular space 2 Our model assumes that brain capillary endothelial cells are less affected by the energy failure that accompanies partial ischemia than are other brain cells. Since endothelial cells are in direct contact with the oxygen provided by any residual blood flow, we believe that this selective preservation of active transport by brain capillaries is a good possibility. Furthermore, endothelial cells may be able to use glycolytic metabolism longer than other cells in the brain because their closer proximity to blood could give them preferential access to glucose and may make it easier for the endothelium to dispose of lactic acid.
For at least the first 3 hours of ischemia, BBB sodium transport appears to be the rate-limiting step in cation-dependent edema fluid accumulation. This suggests that edema might form at a greater rate if blood-to-brain sodium flux were increased by opening the BBB. We did not observe a breakdown of the BBB at any time during the 24 hours of our study. It is important to note, however, that mortality in the group of symptomatic gerbils increased from 28% at 12 hours to 46% at 24 hours. It is possible that BBB breakdown leads to a progression of edema and death that was too rapid to be seen among the surviving gerbils we used.
Our results have important implications for therapy of ischemic brain edema. Since edema formation is limited by BBB transport of sodium, drugs that inhibit sodium transport in brain capillaries may delay the accumulation of brain edema during ischemia. The combination of this type of agent with others designed to reduce ischemic neuronal damage might significantly reduce the morbidity and mortality associated with stroke.
